We have investigated the induction of cell death in cultured cells by the virulent SFV4 and avirulent A7 strains of Semliki Forest virus (SFV). In BHK cells, death occurred by a typical apoptotic mechanism, as did the death of oligodendrocytes in glial cell cultures. For cerebellar neuron cultures, virusinduced death was due to necrosis. Although the SFV4 and A7 strains did not differ in the mechanism of induction of cell death, the virulent SFV4 strain did multiply to a higher titre in cultured neurons than the avirulent A7 strain. This is consistent with previous animal studies which indicate that the virulence of SFV strains is controlled by rapidity of multiplication in the CNS, leading to a lethal threshold of damage, rather than differential cell tropism or cell death mechanisms. The immunemediated demyelination induced by avirulent strains may be triggered by apoptosis of oligodendrocytes, the consequences of which are obscured by death for virulent strains.
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Cell death mechanisms are an important component of pathogenesis in virus infections, although the mechanisms of induction of cell death are not well understood. The fate of infected cells, especially cells of the central nervous system (CNS), is of critical importance to mortality and morbidity in virus disease. A number of animal models of virus neuropathogenesis have been investigated in an attempt to define events which determine virulence (Atkins et al., 1994) .
One such model is infection of mice and rats by the alphavirus Semliki Forest virus (SFV ; Atkins et al., 1985) . SFV causes fatal encephalitis following infection by virulent strains and immune-mediated demyelination following infection by avirulent strains. Virulent strains grow to high titre in the CNS and induce fatal damage to neurons. In contrast, avirulent strains multiply slowly, causing less neuronal damage, and are cleared from the CNS by immune intervention (Atkins & Author for correspondence : Gregory J. Atkins.
Fax j353 1 6799294. e-mail gatkins!tcd.ie Sheahan, 1982 ; Gates et al., 1985 ; Atkins et al., 1990 ; Smyth et al., 1990 ; Balluz et al., 1993 ; Fazakerley et al., 1993) . Demyelination is triggered by infection of oligodendrocytes, which occurs in both the animal (Atkins & Sheahan, 1982 ; Sheahan et al., 1983) and in cultured glial cells Gates et al., 1985 ; Atkins et al., 1990) .
Apoptosis is a process which is under the genetic and functional control of the cell, unlike necrosis which is death solely due to cellular injury or malfunction. It often involves the generation of 180-200 bp internucleosomal DNA fragments, and when this process occurs it may be used to detect and quantify apoptosis (Hockenbery, 1995) . Studies on Sindbis virus, an alphavirus like SFV, have shown that virus infection can induce apoptosis in cultured cell lines and that this induction can be blocked by transfection of these cells with the bcl-2 gene, the expression of which can protect cells from apoptosis (Levine et al., 1993) . A single amino acid change in the viral E2 protein overcomes this protection by bcl-2, and this same mutation controls neurovirulence (Ubol et al., 1994) .
Here we have investigated the hypothesis that the pathogenic properties of SFV are determined by cell death mechanisms induced in infected cells. We have used cultured cells to show that a virulent and an avirulent strain induce similar cell death mechanisms, but that these strains differ in their efficiency of multiplication in neurons. The induction of apoptosis in cultured glial cells may be related to the demyelination induced in the infected animal.
BHK-21 is the standard cell line for propagation of SFV ; the primary CNS cell cultures used were cerebellar granule cells (neurons) and mixed glial cells. We have previously shown by antibody labelling that cultured neurons are efficiently infected by SFV, but that infection of glial cells results in selective infection of oligodendrocytes .
The virulent SFV4 strain of SFV, derived from an infectious clone (Glasgow et al., 1991) , and the avirulent A7 strain of SFV were grown and plaque assayed using BHK-21 cells, as previously described (Balluz et al., 1993) . Neuron and glial cell cultures were prepared from neonatal rat brain as previously described ( Gates et al., 1985 ; Atkins et al., 1990) ; neurons are 95 % pure and do not proliferate, whereas glial cells consist mainly of a mixture of proliferating oligodendrocytes and astrocytes (Walker et al., 1984) . Elimination of proliferating glial cells in neuron cultures is accomplished by the addition of cytosine arabinoside (Natale et al., 1993) . Neuron and glial cell cultures were infected at an m.o.i. of 10 −# p.f.u. per cell, at 7 and 12 days post-plating, respectively . This low m.o.i. mimics the situation in the infected animal ; at low m.o.i., but not at high m.o.i. ( 1 p.f.u. per cell), differences in the multiplication of SFV strains in cultured neural cells are apparent . At 24, 48 and 72 h post-infection (p.i.) medium was removed from duplicate cultures and stored at k70 mC for subsequent plaque assay, and cells were examined for morphology, viability and induction of apoptosis. All measurements are the average of duplicate determinations from infected or treated cells, and are typical of at least three experiments carried out consecutively.
Total cellular RNA synthesis was used as a measure of cell viability. Cells were pulse-labelled for 2 h with 5 µCi\ml of [$H]uridine (DuPont NEN), and the incorporated radioactivity was measured by trichloroacetic acid precipitation (Atkins & Sheahan, 1982) . For detection of apoptosis, cells were examined for characteristic DNA ladders by agarose gel electrophoresis (Fernandes & Cotter, 1993) . DNA was isolated by treating cells with lysis buffer (20 mM EDTA, 100 mM Tris pH 8, 0n8%, w\v, sodium lauryl sarcosinate) followed by ribonuclease (10 mg\ml pancreatic ribonuclease ; Sigma) at 37 mC for 4 h and proteinase K (20 mg\ml ; Sigma) for 18 h. Samples were then heated to 50 mC for 2 h and the extract from 10' cells was loaded in each lane on 1n5 % agarose gels, which were run for 5 h at 55 V in TBE (90 mM Tris pH 8n2, 90 mM boric acid, 2n5 mM EDTA). Because of the small quantities of material available for CNS cells, Southern blotting followed by [$#P]probe radiolabelling and hybridization were carried out to increase the sensitivity of detection of DNA ladders (Batistatu & Greene, 1993) . Probes were made using purified genomic DNA derived from the cell cultures, which had been previously digested with EcoRI and labelled using the Prime-a-Gene system (Promega). For quantification of apoptosis, a cell death ELISA kit was used (Boehringer Mannheim) according to the manufacturer's instructions. This assay, which is a quantitative sandwich-enzyme-immunoassay, measures histone-associated cytoplasmic DNA fragments generated during the internucleosomal degradation of genomic DNA.
In BHK-21 cells, A7 reached a titre which was approximately 10-fold higher than SFV4 (Fig. 1 a) . However, in neuron cultures, SFV4 reached a titre which was approximately 10fold higher than A7 (Fig. 1 c) . In glial cells there was little difference between the two strains although A7 multiplied slower but to higher titre than SFV4 (Fig. 1 e) . This confirms previous results for A7 and the virulent L10 strain of SFV (Atkins, 1983 ; Gates et al., 1985 ; Atkins et al., 1990) .
As measured by [$H]uridine incorporation, BHK cells showed a rapid drop in viability following infection with A7 or SFV4 (Fig. 1 b) . Uninfected neurons showed a gradual drop in viability with time, and there was a further drop in viability of neurons following infection with either SFV4 or A7 (Fig. 1 d) . Uninfected glial cells showed an increase in [$H]uridine incorporation with time, which reflects cell proliferation in these cultures. When infected with either SFV4 or A7, glial cells showed an initial rapid drop in cell viability (by 48 h p.i., Fig. 1 f) . There was no difference between SFV4 and A7 in ability to induce cell death in any cells examined, and the decreases in [$H]uridine incorporation corresponded to microscopically observed cytopathic effect. However, although BHK and neuron cell cultures had totally disintegrated at 72 h p.i., some glial cells remained viable at this time. These were probably astrocytes, as previously described .
BHK cells infected with either SFV4 or A7 showed DNA banding at 48 h p.i. This banding was visible by ethidium bromide staining (Fig. 2 a) , and by Southern blotting followed by [$#P]probe radiolabelling and hybridization (Fig. 2 b) . For CNS cells, there was no change in the intensity of the DNA fragmentation pattern following infection of cultured neurons with either strain of virus and a similar background level of fragmentation was detected in all samples tested (Fig. 2 c) . In contrast, uninfected glial cells showed no detectable DNA ladders. Glial cells infected with either SFV4 or A7 showed detectable DNA laddering at 24 h p.i., and this laddering pattern was still visible at 48 h p.i. (Fig. 2 d) . The results obtained for CNS cell cultures by gel electrophoresis were confirmed and quantified by use of the cell death ELISA kit. There was no significant increase in the generation of histoneassociated DNA fragments in the neuron cultures, following infection with either SFV4 or A7 (Fig. 3 a) . In contrast, there was a significant increase in the generation of histoneassociated DNA fragments in glial cells following infection with either SFV4 or A7 (Fig. 3 b) . SFV4 and A7 gave similar results, indicating that the two virus strains had similar ability to generate the internucleosomal DNA fragments associated with apoptosis. Thus the mechanism of cell death induced depended on the cell type. In BHK-21 cells and glial cell cultures, apoptosis was induced. However, in cultured rat cerebellar neurons, the level of spontaneous apoptosis was not increased by SFV infection, and virus-induced cell death did not occur by the typical apoptotic process, which involves the generation of internucleosomal DNA fragments.
It has previously been shown that infection of glial cell cultures with SFV results in depletion of the upper oligodendrocyte layer Gates et al., 1985 ; Atkins et al., 1990) and that this layer is selectively stained by anti-SFV antibody . SFV-infected oligodendrocytes can also be demonstrated in the animal (Atkins & Sheahan, 1982 ; Sheahan et al., 1983) . Astrocytes are refractory to SFV infection, both in the animal (Balluz et al., 1993 ; and in culture (Gates et al., 1985 ; Atkins et al., 1990) . Therefore, the cells undergoing apoptosis following SFV infection of glial cell cultures are probably oligodendrocytes. Death of glial cells due to apoptosis has been described G. M. Glasgow and others G. M. Glasgow and others previously in the normal development of the optic nerve, and the cells have been positively identified as oligodendrocytes (Barres et al., 1992) .
Infection of cerebellar neurons by SFV also resulted in cell death, although typical apoptosis did not occur, as shown by the absence of increased levels of internucleosomal DNA fragmentation. Death of these neurons following SFV infection may occur as a result of necrosis rather than apoptosis, but it has been reported that apoptosis may not necessarily involve the generation of the typical internucleosomal DNA fragments which result in DNA laddering (Cohen et al., 1992) . The background levels of apoptosis seen in cultured neurons in this study may be due to growth factor deprivation (Martin et al., 1988) ; although the culture medium contained 10 % foetal bovine serum, no specific growth factors were added as the growth factor requirements of these cells are not known. Levine et al. (1993) have shown that dorsal root ganglion cells become resistant to apoptosis after a period in culture, and eventually die of necrosis following Sindbis virus infection. Similar results were obtained for brain neurons in the present study, although these may not be directly comparable to dorsal root ganglion cells ; analysis of brain neurons at early times after plating is complicated by the presence of glial cells.
The virulent SFV4 and avirulent A7 strains of SFV used in this study do not differ significantly in their ability to induce cell death in culture. The tropism of these two strains of virus for CNS cells is the same both in cell culture and in the animal ; oligodendrocytes and neurons are infected, whereas astrocytes are resistant to infection (Gates et al., 1985 ; Atkins et al., 1990 ; Smyth et al., 1990 ; Balluz et al., 1993 ; Fazakerley et al., 1993) . The two strains do differ, however, in their rate of multiplication in the CNS (Balluz et al., 1993) and in cultured neurons (this study ; Gates et al., 1985 ; Atkins et al., 1990) . It has been shown that multiplication of the avirulent A7 strain of SFV is restricted in neurons in the animal . Therefore, it is probable that the lethality of virulent strains of SFV such as SFV4 and L10 is due to more rapid multiplication in the CNS, and therefore more extensive cytopathic damage before immune intervention can occur.
We have suggested a hypothesis to explain the pathogenicity of SFV . Virulent strains cause a lethal threshold of damage in the CNS and subsequent pathological processes are obscured by death. For avirulent strains, the virus is cleared from the CNS by immune intervention ; however, myelin debris released by the destruction of oligodendrocytes is phagocytosed and presented to the immune system. This presentation of normally sequestered myelin antigens may be enhanced by the secretion of cytokines released during virus infection. This in turn may lead to the immune degradation of myelin, since the demyelination which occurs following clearance of infectious virus from the CNS has been shown to be T-cell mediated (Gates et al., 1984 ; Subak-Sharpe et al., 1993) and to be associated with specificity for myelin basic protein (Mokhtarian et al., 1994) . In BALB\c mice this immune-mediated demyelination is suppressed and myelin repair occurs, but for SJL mice, which have a partial defect in suppression, demyelination persists in a proportion of infected mice in the absence of virus persistence (Smyth et al., 1990) . It is possible that the initial trigger for this process may be the induction of apoptosis in oligodendrocytes.
It is clear that there are broad similarities in the results obtained with cell cultures and previous results obtained with animals, particularly concerning the cell tropism of the virus strains. Further studies are necessary of infected animals before cell death mechanisms in cell culture can be confirmed in animals. However, it is clear that the cell culture systems described in this and previous studies, together with the availability of an infectious clone of SFV (Glasgow et al., 1991) , represent a potential model system for molecular analysis of viral and cellular processes leading to cell death. This work was supported by the Wellcome Trust, the Multiple Sclerosis Society of Ireland and the Health Research Board.
